This paper presents a study of events produced in 29 GeV electron-positron annihilation in which there are just two non-collinear charged particles, no detected photons, and two or more undetected particles. These events can be explained by attributing them primarily to the reactions e+e-+ e+e-e+e-and e+e---+ e+e-p+p-where just two particles appear in the Mark II detector.
I. INTRODUCTION
We have used the Mark II detector to study a class of non-collinear, twocharged-particle events without detected photons produced in 29 GeV electronpositron annihilation. This class consists of events with two or more undetected particles. We find that the bulk of these events can be explained by attributing them to the reactions e+e--+ e+e-e+e-, e+e-+ e+e-p+p-and e+e---) rre+e-where just two charged particles are detected in the Mark II detector. The reaction e+e--+ r+r-where only two charged particles and neutrinos are produced in the r decays also contributes. We present quantitative comparisons of the cross sections for these reactions with the measured cross sections. There is no evidence for an unconventional source for any of the events.
However the relatively large cross sections of the known reactions and the solid angle limitations of the Mark II detector make it difficult to set significant limits on unconventional reactions which could produce such events. The data was ob-tained at the PEP electron-positron collider at the Stanford Linear Accelerator
Center.
There were three reasons for this study. First, recent work of Berends, Daverveldt and Kleis,# has provided exact matrix element calculations and convenient computer programs for calculating the cross sections and properties of the reactions e+e-+ e+e-e+e-, e+e-p+p-. W e were interested in comparing their work with our measurements in the special kinematic region occupied by the non-collinear events. Second, in a previous study3 we used these events to set upper limits on heavy neutral lepton production in e+e-annihilation. These events limited the sensitivity of that search, and we were interested in their origin. Third, there will be searches for heavy neutral leptons or other unexpected particles in non-collinear events at higher energy e+e-colliders: TRISTAN, LEP, and the SLAC Linear Collider. We wanted to establish experimental methods for studying the contributions of conventional processes to such events.
The studied events have a collinearity angle, ecoll in Fig. 1 , greater than 20°, each charged track has a momentum greater than 1.0 GeV/c, and the total charge is zero. There are no detected, isolated, photons in the event with energies above 0.3 GeV. However the Mark II apparatus did not detect photons in certain angular regions, such as close to the beamline. The reasons for the ecOll and momentum criteria are given in Sec. III. Those criteria lead to almost all events having an invariant pair mass larger than 1.0 GeV/c 2. Therefore in the comparison of the data with theory it is convenient to impose the criterion that the invariant mass be larger than 1.0 GeV/c2.
The plan of this paper is as follows. The apparatus and the initial event selection criteria are described in Sec. II. Some kinematic properties of the data and the final event selection criteria are presented in Sec. III. The data are analyzed with reference to the reactions e+e-+ e+e-e+e-, e+e-p+p-, e+e-+ 77e+e-, and e+e----) r+r-in Sec. IV, and the paper is summarized in Sec. V.
II. APPARATUS AND INITIAL EVENT SELECTION
A. Apparatus
The Mark II detector, Fig. 2 , was used at the PEP electron-positron collider at the Stanford Linear Accelerator Center. Here we emphasize a few properties of the detector pertinent to the searches described in this paper:
1. The main drift chamber tracks particles reliably over about 80% of the 47r solid angle. The charged particles of the events used were required to be within a slightly smaller solid angle, namely 68% of 47r.
2. The liquid argon electromagnetic calorimeter, used to detect electrons and photons, covers about 70% of the 47r solid angle.
3. The lead sheet and proportional chamber detectors (2 layers each) at each end of the detector, called end cap chambers, cover the polar angular region from about 15' to 40'. These end cap chambers detect photons and charged particles.
4. The photon detection system is incomplete since there is a gap about 5' in polar angle between the liquid argon calorimeter and the end cap calorimeter, since the liquid argon calorimeter has eight separate modules with longitudinal walls separating the modules, and since the end cap chambers themselves have gaps in their angular coverage.
5. The muon detection system covers about 45% of the 47r solid angle.
B. Data Acquisition
The 29 GeV data set used in this study comes from an integrated luminosity of 29.3 pb-'. We use this data set, rather than our total data corresponding to a luminosity of 220 pb-l, because the raw data tapes in this set were processed for all two-charged-particle events which triggered the detector.
The trigger requirements relevant to two charged particle events without isolated photons are listed next. At least one of the following trigger conditions had to occur:
1. Two particle tracks in the main drift chamber had to be found by the secondary trigger hardware track processor within the central 75% of the 47r solid angle. The momentum of each track had to be larger than 50
MeV/c and the collinearity angle less than roughly 175' (see Fig. 1 ).
2. At least two liquid argon or endcap modules had to have a deposition of electromagnetic shower energy over threshold; the threshold was about 1
GeV for liquid argon modules and about 3 GeV for endcap modules.
3. One track as described in 1. had to be found and one calorimeter module had to be over the threshold described in 2. Trigger conditions 2. and 3.
are relevant when one or both particles are electrons.
C. Event Selection
Events were selected by the following criteria:
1. The event's vertex is inside a cylinder of 4 cm radius centered on the interaction point.
2. There are exactly two charge particles with total charge zero in the main drift chamber.
3. Each particle has 1 cos 81 < 0.68 where 0 is the angle between the particle's initial vector momentum, p', and the beam axis. This criterion means that particles are reliably tracked in the drift chamber, and enter the fiducial volume of the liquid argon calorimeter. 
III. KINEMATIC PROPERTIES AND FINAL EVENT SELECTION A. Kinematic Variables
Denoting the two charged particles by 1 and 2, the event can be described by the six momentum components of pi, and jS2. But the physics of the reactions to be studied suggests that other kinematic variables are of more direct interest.
These variables are as follows:
1. The collinearity angle, 19~~ll, has been defined.
2. The invariant mass of the pair, m, is given by m2 = (PI +p2j2 -(pi +pij2 (1) = 2 Pl P2 (1+ cos hl) when we set the masses of the particles to zero. We do so here because almost all the particles are expected to be e's, p's, or z's, because we will eventually set m 2 1.0 GeV/c2, and because often we cannot identify a particle.
3. The transverse momentum, PT, is given by p; = (PI, +P2z12 + (Ply + P2y12 (2) where the z axis lies along the beam direction. That criterion is replaced by the requirement that there be one and only one isolated photon detected in the liquid argon calorimeter. The A distribution of these events, Fig. 9 , shows that most class 1 events will have A less than about 10 GeV. It is important to use a measured distribution here in order to fully take account of the effect of the detector resolution when the missing mass is zero.
The width and shape of this distribution is discussed in App. A.
The goal is to choose a value of A, called Aaep, which best separates the two classes of events. Unfortunately there is a correlation between A and m which depends upon ptot = Ipi + g21. This is illustrated in the measured Am distribution
in Table 1 A detailed analysis of e+e-+ e+e-7, p+p-r with an undetected 7 is related to a study of those events with the 7 detected which is being carried out by one of us (M. K. Gold). The incompleteness of the Mark II photon detection system makes the study of the former type of events dependent on a study of the latter type. Therefore at this point we remove events with A < 10.0 GeV from the sample. Preliminary analysis indicates that many of these A < 10.0 GeV events are from e+e-+ e+e-7 or e+e-+ ~~p-7 but we must wait for a detailed analysis to make this indication quantitative.
IV. EVENTS WITH 2 OR MORE UNDETECTED PARTICLES
In this section we compare events which might have 2 or more undetected particles, specifically events with A > 10 GeV, with possible sources for such events. There are about 2400 such events. In general, detector acceptance factors and event selection criteria cannot be applied inside the computation process, but must be applied to the final set of unweighted events. There is one exception which is easier to explain in the e+e-+ e+e-p+p-case. One can set the minimum and maximum values of the invariant mass of the ,X+/J-pair, mP+P-. The importance sampling produces events with mp+p-between the selected maximum and minimum values. In our computations for the reaction e+e-+ e+e-p+p-we set minimum values for mP+P-in order to obtain a sufficient number of events which met the event selection criteria m > 1.0 GeV/c2.
In the calculation of events for the reaction e+e-+ e+e-e+e-, minimum and maximum values of me+e-can also be set. However in this case these limits apply to all four e+e-pairs. Since our m > 1.0 GeV/ c event selection criteria applies only to the observed e+e-, setting a minimum value of me+e-at 1.0 GeV/c will lead to a calculated cross section smaller than that set by the event criteria.
However, the error is estimated2 to be less than 1% in a similar situation.
Using these methods we produced sets of unweighted events for e+e---f e+e-e+e-and e+e-+ e+e-p+p--, about 1500 events in each set met the event criteria in Sec. IIC. The event criteria restrict the reactions in Eq. 7 to a very small part of the kinematic region available to these reactions, as is illustrated in Table II . Most of the total cross section is occupied by final states in which an e+ and e-is emitted very close to the respective directions of the initial state e+ and e-respectively, the momenta of the other two final state particles being very small. The e+e-e + -e total cross section is much larger than the e+e-p+p-total cross section, but once the m 2 1 GeV/c2 criterion is applied, the cross sections are the same magnitude. Table   II . However, before we can ignore the cross section from the process in Eq. 8, we have to compare cross sections for the various values of m and pi. This is done in Table III .
Considering the statistical errors in the Monte Carlo calculations we can ignore the e+e-+ r+r-contribution except in the kinematic region 5 < m < 10 GeV/c2, pi > 3 GeV/c. Inside that region we shall add the e+e-+ r+r-contribution to the still dominant e+e-+ e+e-e+e-, e+e-p+p-cross sections.
3. zT+zT-and K+K-Pairs from e+e-+ e+e-z+z-, e+e-K+K-:
The reaction e+ + e-+ e+ +e-+7r++7rr-
can contribute z+zT-pairs to the observed data sample. Indeed we4 and other experimenters5 have studied events from this reaction to examine the process 7"+7v-+7r++7rr-where 7" is a virtual photon.
The same methods4 could be used in this data sample to measure z+z-pair production, but our event selection criteria are not felicitous for such a measurement.
We 
4 . Pairs from e+e-+ 77e+e-: The reaction e+ + e-+ 7 + 7 + e+ + e-
where neither photon is detected can contribute e+e-pairs to the data. We face both calculational and experimental difficulties in accurately determining this contribution. At present we do not have a computer program which can accurately calculate the cross section for the reaction in Eq. 11 for the event criteria used in this paper. We have used an approximate calculation6, App. B, in which the photons are emitted only by the initial e+ and e-, and in which the transverse momentum of these photons is ignored. The experimental difficulty is caused by the incomplete photon detection of our detector; it would be difficult to determine the photon detection efficiency when 8, is larger than me/E* but still small.
The rightmost column of Table III gives the calculated cross section for e+e-+ 77e+e-as calculated by the method in App. B. The restriction on 8, precludes pi being outside the O.-l. GeV/c range. We observe that this cross section is small compared to the cross section for four-lepton production when m < 10 GeV/c2 and pi < 1.0 GeV/c. An approximate calculation using a computer program for e+e-+ e+e-7 with initial state radiation shows that this observation is true for all pi as long as m < 10 GeV/c2.
When m > 10 GeV/c2 the e+e-+ 77e+e-cross section is the same size as the four-lepton cross sections. We will return to this point in the next section when we discuss the m > 10 GeV/c2 data.
C. Comparison of Data with Calculations
We are now ready to compare the A > 10 GeV data with the calculated cross sections for e+e-+ e+e-e+e-, e+e-p+p-. Table IV lists the types of observed particle pairs. The category of ambiguous particles is divided into p/h meaning /.L or h, e/h meaning e or h, and e/p/h meaning e or JL or h. (There is no e/p category in our particle identification method because if we cannot identify a particle as an e or a /J we cannot show it is not an h, hence e/p is included in e/p/h. The data in Table IV where the error is due to systematic uncertainties. We do not attempt to evaluate a similar quantity for muons because the muon identification system is quite limited in its angular acceptance and has an unfavorable momentum dependence for this data. Hence we do not attempt to separate out hh pairs. Considering the misidentification probabilities in our detector for low momentum particles, Table   IV is consistent with all events being ee or ,!LP pairs, and there are less than 15% hh pairs. Therefore we proceed, considering the data to be mainly composed of ee and ,q.~ pairs. Since the predicted e+e-e+e-and e+e-p+p-pi and m distributions are so similar, Table III, To examine the joint pi -m distribution and continue the comparison, we define for the experimental cross sections, crezp, and the calculated cross sections, o'calc, the ratio of experiment to theory. P(PT1 < PT < pT2, ml < m < m2) ae=p(pT1<pT<PT2,ml<m<m2) = ucak bT1 < m < pT2, ml < m < m2>
(12) One check of this conclusion remains to be done. Looking at Table III, Taking a final overall look at the ratios p and ree in Table V and VI, the comparison of data and theory does not turn out as nice as one might wish. In the 0 < pi < 1 region where the statistical errors are smallest, there seems to be a deficit of events, if we accept the calculated cross sections as correct. But our systematic errors preclude further investigation.
D. Limits on Unconventional Processes
Having found the explanation for the bulk of the events, we finally consider the limits on unconventional processes which would yield charged particle pairs and no other particles in the fiducial volume of our detector. We measure the limit by defining 6 = Qezp -ucalc ; (14 6 is given in Table V . Its values both positive and negative range from several pb to a fraction of a pb. They are all consistent with zero within the statistical systematic errors. The utility of upper limits on cross sections at the pb level depends upon the unconventional reaction being considered. At our energy, 29
GeV, the electromagnetic annihilation cross section for one unit of R is about 100 pb. On the other hand, the weak annihilation cross section into an LoLo pair3 is about one third of a pb. Hence the limits given in Table V are not nearly as small as we would like; this leads to Conclusion 4 in the next section.
V. CONCLUSIONS
We have carried out the first sytematic study of non-collinear, two-chargedparticle events produced at high energy in electron-positron annihilation. We required: that the particles be non-collinear by at least 20'; that there be no detected isolated photons; and that the kinematics indicate two or more undetected particles. Our motivation was first to see if the events could be explained by known reactions; and second to see if there was evidence for, or to determine what limits could be put on, unconventional reactions.
We draw four conclusions from the figures, tables, and discussion in Sets. III and IV.
1. The kinematic variable distributions and cross sections of the A > 10. GeV, 1 5 m 2 10. GeV/c2 events can be explained by the bulk of the events coming from the reactions e+e---) e+e-e+e-and e+e-+ e+e-p+p-.
2. The reactions e+e-+ e+e-zr+zr-, e+e-+ e+e-K+K-, e+e-+ T+T-(two-prong, zero photon) and e+e-+ 77e+e-may also contribute events, but their cross sections are small compared to the four-lepton cross sections in the kinematic regions studied in this paper, and in general these small contributions cannot be confirmed.
3. The bulk of the events are explained by Conclusion 1, but statistical errors and systematic errors make it impossible to exclude unconventional sources for a fraction of the cross section. The limits on a cross section from an unconventional source are at the pb level (Table V) . The principal reason for E ee < E,, is that the electrons lose more energy than the muons as they pass through the detector material. There is about a 5%
chance that an electron produced with p > 1.0 GeV/c will lose sufficient energy so as to yield a measured p below the 1.0 GeV/ c criterion.
Thus there is about a 10% greater chance that an e+e-pair will not be counted within the event
criteria.
An analysis of the event type data in Table IV shows that the produced events have about equal numbers of e+e-and p+p-pairs and less than 15%
other pairs. h+h-e*@, e*hr, p*hF. The overall value of E is . , Eall = 0.90 .
Systematic Errors
The percent systematic error in Eall due to uncertainties in the detector simulation is f 6%. The other major systematic uncertainty is in the total luminosity, and is f 5%. For convenience we use these in quadrature, namely f 8%; but, of course, they could add linearly. This f 8% is used for the systematic . error m uezp, p, and 6 in Table V; and it is noted in the captions of Figs. 12 and 13.
The systematic error in ree, Sec. IVC, does not involve the luminosity uncertainty; but it does involve an uncertainty in Eee which is not correlated with an uncertainty in E,,; and it also involves the uncertainty in Pe. The total systematic error on Tee is f 11%. Table I . Numbers of events in the measured joint m -A distribution.
About l/4 of the data is shown here. The empty boxes have zero events. Table II. Calculated cross sections for e+e-+ e+e-e+e-and e+e-+ e+e-p+p-. 
